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M. Ackerman et al., Astro2020 Science White Paper, arXiv:1903.04333

Energy range of interest
for this workshop

• Cross section for detection.
• Cross section for neutrino flux attenuation.
• Focus on nucleon targets.

FPF
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𝜈!-nucleon charged-current (CC) cross section

Lipari, Lusignoli and Sartogo, PRL 74 (1995) 4384 

For reviews, see: Formaggio and Zeller, Rev. Mod. Phys. 84 (2012) 1307, NuSTEC Alvarez- Ruso et al, Prog. Part. Nucl. 
Phys. 100 (2018) 1, Athar and Morfin, J. Phys. G: Nucl. Part. Phys. 48 (2021) 034001

Cross section divided by energy
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𝜈! , 𝜈" CC cross sections with
nucleon targets

Neutrino-nucleon scattering

Quasi-elastic: ⌫⌧n ! p⌧�

⌫⌧p ! n⌧+
<latexit sha1_base64="bqm38SctKeBiiK4klacFbVgRObE=">AAACJ3icbVBdS8MwFE3n16xfVR99CQ6HII52Cu5JBr74OMF9wFpLmqVbWJqWJBVG2b/xxb/ii6Ai+ug/Me32oNMLgZNzz7nJPUHCqFS2/WmUlpZXVtfK6+bG5tb2jrW715FxKjBp45jFohcgSRjlpK2oYqSXCIKigJFuML7K+917IiSN+a2aJMSL0JDTkGKkNOVbly5PfVehFPKqq2KYwPxyd+piYbqxduaDMy2azlQJrMJcxwvZiW9V7JpdFPwLnDmogHm1fOvFHcQ4jQhXmCEp+46dKC9DQlHMyNR0U0kShMdoSPoachQR6WXFnlN4pJkBDGOhD1ewYH86MhRJOYkCrYyQGsnFXk7+1+unKmx4GeVJqgjHs4fClEG9aB4aHFBBsGITDRAWVP8V4hESCCsdralDcBZX/gs69ZpzVqvfnFeajXkcZXAADsExcMAFaIJr0AJtgMEDeAKv4M14NJ6Nd+NjJi0Zc88++FXG1zfwO6VS</latexit>

Resonant, e.g. Delta production:

⌫⌧n ! �+⌧�, �+ ! n⇡+, �+ ! p⇡0

⌫⌧p ! �++⌧�, �++ ! p⇡+
<latexit sha1_base64="DOQi6I3Y3H6zBfl4jWaiL+I1Dto="></latexit>

DIS: ⌫⌧N ! ⌧�X
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W 2 = (p+ q)2
<latexit sha1_base64="TLy71x6te4WnmVKkw5MNQWjE/+g=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BItQEUoSBXsRCl48VrAfkKZls920Sze7cXcjlNKf4cWDIl79Nd78N27bHLT1wcDjvRlm5oUJo0o7zreVW1vf2NzKbxd2dvf2D4qHR00lUolJAwsmZDtEijDKSUNTzUg7kQTFISOtcHQ781tPRCoq+IMeJySI0YDTiGKkjeS3ut5NObl4PO96vWLJqThz2KvEzUgJMtR7xa9OX+A0JlxjhpTyXSfRwQRJTTEj00InVSRBeIQGxDeUo5ioYDI/eWqfGaVvR0Ka4tqeq78nJihWahyHpjNGeqiWvZn4n+enOqoGE8qTVBOOF4uilNla2LP/7T6VBGs2NgRhSc2tNh4iibA2KRVMCO7yy6uk6VXcy4p3f1WqVbM48nACp1AGF66hBndQhwZgEPAMr/BmaevFerc+Fq05K5s5hj+wPn8AVcOP8w==</latexit>
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𝜈! , 𝜈" CC cross sections with
nucleon targets

Quasi-elastic: ⌫⌧n ! p⌧�

⌫⌧p ! n⌧+
<latexit sha1_base64="bqm38SctKeBiiK4klacFbVgRObE=">AAACJ3icbVBdS8MwFE3n16xfVR99CQ6HII52Cu5JBr74OMF9wFpLmqVbWJqWJBVG2b/xxb/ii6Ai+ug/Me32oNMLgZNzz7nJPUHCqFS2/WmUlpZXVtfK6+bG5tb2jrW715FxKjBp45jFohcgSRjlpK2oYqSXCIKigJFuML7K+917IiSN+a2aJMSL0JDTkGKkNOVbly5PfVehFPKqq2KYwPxyd+piYbqxduaDMy2azlQJrMJcxwvZiW9V7JpdFPwLnDmogHm1fOvFHcQ4jQhXmCEp+46dKC9DQlHMyNR0U0kShMdoSPoachQR6WXFnlN4pJkBDGOhD1ewYH86MhRJOYkCrYyQGsnFXk7+1+unKmx4GeVJqgjHs4fClEG9aB4aHFBBsGITDRAWVP8V4hESCCsdralDcBZX/gs69ZpzVqvfnFeajXkcZXAADsExcMAFaIJr0AJtgMEDeAKv4M14NJ6Nd+NjJi0Zc88++FXG1zfwO6VS</latexit>

Resonant, e.g. Delta production:

⌫⌧n ! �+⌧�, �+ ! n⇡+, �+ ! p⇡0

⌫⌧p ! �++⌧�, �++ ! p⇡+
<latexit sha1_base64="DOQi6I3Y3H6zBfl4jWaiL+I1Dto="></latexit>

DIS: ⌫⌧N ! ⌧�X
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W 2 = (p+ q)2
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MONTE CARLO GENERATORS
GENIE, Andreopoulos et al, NIM A614 (2010) 87
NEUT, Hayato, Nucl. Phys. Porc Suppl. 112 (2002) 171
GiBUU, Buss et al, Phys. Rep. 512 (2012) 1
NuWro, Juszczak et al., Nucl. Phys. Proc. Suppl. 159 (2006) 211
Nuance, Casper, Nucl. Phys. Proc. Suppl. 112 (2002) 161

NuSTEC Alvarez- Ruso et al, Prog. Part. Nucl. Phys. 100 (2018) 1

NuSTEC: Neutrino Scattering Theory 
Experiment Collaboration
Neutrino-nucleon/nucleus theory,
experiments, generators.
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QE & RES in fig. from K. Hagiwara et al., NPB 668 (2003) 364 

Quasi-elastic scattering with nucleons

𝜈! , 𝜈" CC cross sections with nucleon targets

Threshold energy: E⌫⌧ � (⇠ 3.5 GeV)
<latexit sha1_base64="dZun5uKb5wttMN4nTlCnfQtQvpA=">AAACDnicbVDLSgNBEJyNrxhfUY9eBkMgXsKuD/QYENFjBPOAbFhmJ51kcGZ2mZkVwpIv8OKvePGgiFfP3vwbJ8keNLGgoajqprsrjDnTxnW/ndzS8srqWn69sLG5tb1T3N1r6ihRFBo04pFqh0QDZxIahhkO7VgBESGHVnh/OfFbD6A0i+SdGcXQFWQgWZ9RYqwUFMtXQerLJPANScb+AHDF10zgk+qZj1NfCXwNzfFRUCy5VXcKvEi8jJRQhnpQ/PJ7EU0ESEM50brjubHppkQZRjmMC36iISb0ngygY6kkAnQ3nb4zxmWr9HA/UrakwVP190RKhNYjEdpOQcxQz3sT8T+vk5j+RTdlMk4MSDpb1E84NhGeZIN7TAE1fGQJoYrZWzEdEkWosQkWbAje/MuLpHlc9U6qx7enpdpFFkceHaBDVEEeOkc1dIPqqIEoekTP6BW9OU/Oi/PufMxac042s4/+wPn8AfmOmrw=</latexit>

Mass dependence: Tomalak, PRD 103 (2021) 013006, Fatima, 
Athar, Singh, PRD 102 (2020) 113009

⌧ =
Q2

4M2
, r =

m⌧

2M
, ⌫ =

E⌫

M
� ⌧ � r2

<latexit sha1_base64="4/qbtKEAPEwniy0ozdbHwNWoxRk="></latexit>

⌘ = ±1
<latexit sha1_base64="8DWvIkIDzszqtPhgcKQ5bDjJYqE=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV7EUoePFYwX5gE8pmO2mXbjZhdyOU0n/hxYMiXv033vw3btsctPXBwOO9GWbmhang2rjut7O2vrG5tV3YKe7u7R8clo6OWzrJFMMmS0SiOiHVKLjEpuFGYCdVSONQYDsc3c789hMqzRP5YMYpBjEdSB5xRo2VHn009MZPY+L1SmW34s5BVomXkzLkaPRKX34/YVmM0jBBte56bmqCCVWGM4HTop9pTCkb0QF2LZU0Rh1M5hdPyblV+iRKlC1pyFz9PTGhsdbjOLSdMTVDvezNxP+8bmaiWjDhMs0MSrZYFGWCmITM3id9rpAZMbaEMsXtrYQNqaLM2JCKNgRv+eVV0qpWvMtK9f6qXK/lcRTgFM7gAjy4hjrcQQOawEDCM7zCm6OdF+fd+Vi0rjn5zAn8gfP5A6UAkDU=</latexit>

Tomalak – Friday, Oct 1, afternoon
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Quasi-elastic scattering with nucleons

𝜈" CC cross sections with nucleon targets

Mass dependence: Tomalak, PRD 103 (2021) 013006,
Fatima, Athar, Singh, PRD 102 (2020) 113009

• Polarization asymmetries for target, recoil and tau with H, D 
targets may help measurements of axial vector and 
pseudoscalar form factors.

• Tau polarization affects its decay distributions.

QE & RES from K. Hagiwara et 
al., NPB 668 (2003) 364 

RES and few 𝜋 production, 
scattering with nucleons

• Resonant and non-
resonant contributions.

• Many resonances in the 
range to W ~ 2 GeV.

• EM scattering.
• Many approaches.

EM 𝛾𝑝 𝜎!
Christy, Bosted, PRC 81 (2010) 
055213

Summary of RES region models/approaches 
by NuSTEC collaboration, arXiv:2011.07166.
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TMC + charm for taus: Kretzer, MHR, PRD 69 (2004) 034002, 66 (2002) 113007.
For discussion of non-perturbative and higher order effects, see Ansari et al, PRD 102 (2020) 113007.

𝜈" CC DIS cross sections

F4(x,Q
2) ' 0

2xF5(x,Q
2) ' F2(x,Q

2)
<latexit sha1_base64="39mDRuMdKcxaaAexO/Mt2sS0qM4=">AAACHnicbVBdSwJBFJ21L7Mvq8dehqQwCNndlHwUAulRIT/A3ZbZcdTB2dltZjYU8Zf00l/ppYcigp7q3zTqPpR14MLhnHu59x4/YlQq0/wyUiura+sb6c3M1vbO7l52/6Apw1hg0sAhC0XbR5IwyklDUcVIOxIEBT4jLX94NfNb90RIGvIbNY6IG6A+pz2KkdKSly1VvWJ+dF6/tc9OHUkDcgdNB4uMPap6pSWj6tmJ4mVzZsGcA/4lVkJyIEHNy3443RDHAeEKMyRlxzIj5U6QUBQzMs04sSQRwkPUJx1NOQqIdCfz96bwRCtd2AuFLq7gXP05MUGBlOPA150BUgO57M3E/7xOrHpld0J5FCvC8WJRL2ZQhXCWFexSQbBiY00QFlTfCvEACYSVTjSjQ7CWX/5LmnbBuijY9WKuUk7iSIMjcAzywAKXoAKuQQ00AAYP4Am8gFfj0Xg23oz3RWvKSGYOwS8Yn9+B7Z5a</latexit>

Albright-Jarlskog relations:

For E=100 GeV, F5 contributes ~10% 
for  𝜈!N and ~30% for �̅�!N CC cross 
section.

Ansari – Friday, Oct 1, afternoon

• Several comparable mass scales: nucleon, tau, charm quark. Need target mass corrections, quark mass 
corrections.

• Low Q needs to be treated. One approach: modify PDFs Bodek Yang (& Xu) arXiv:2108.09240. Another approach, 
phenomenological structure function for low Q, e.g., MHR, PRD 74 (2006) 033001. Both tied to EM scattering. 

• Avoid double-counting with “RES.”
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Allowed DIS kinematic regions as a function of 𝐸&

perturbation 
theory

𝑊" < 𝑀 + 𝑚#
" 𝑊" < 𝑀 + 𝑚#

"

⌫⌧ CC DIS
<latexit sha1_base64="Q2iT3EkG/9299EymHKttcYHqUfE=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiRVsMtCXeiuon1AE8JkOmmHTiZhHkqJ/RQ3LhRx65e482+ctllo64ELh3Pu5d57wpRRqRzn2yqsrW9sbhW3Szu7e/sHdvmwIxMtMGnjhCWiFyJJGOWkrahipJcKguKQkW44bs787gMRkib8Xk1S4sdoyGlEMVJGCuyyx3XgKaQ92Gx68OrmLrArTtWZA64SNycVkKMV2F/eIME6JlxhhqTsu06q/AwJRTEj05KnJUkRHqMh6RvKUUykn81Pn8JTowxglAhTXMG5+nsiQ7GUkzg0nTFSI7nszcT/vL5WUd3PKE+1IhwvFkWaQZXAWQ5wQAXBik0MQVhQcyvEIyQQViatkgnBXX55lXRqVfe8Wru9qDTqeRxFcAxOwBlwwSVogGvQAm2AwSN4Bq/gzXqyXqx362PRWrDymSPwB9bnD7HVkvE=</latexit>

⌫µ CC DIS
<latexit sha1_base64="9NhUBfkSkoV5f+B5DUfOx1xX/vI=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwVZIq2GWhLnRX0T6gCWEynbZDZyZhHoUS+iduXCji1j9x5984bbPQ1gMXDufcy733xCmjSnvet1PY2Nza3inulvb2Dw6P3OOTtkqMxKSFE5bIbowUYVSQlqaakW4qCeIxI5143Jj7nQmRiibiSU9TEnI0FHRAMdJWilw3ECYKuAlgoxHA2/vHyC17FW8BuE78nJRBjmbkfgX9BBtOhMYMKdXzvVSHGZKaYkZmpcAokiI8RkPSs1QgTlSYLS6fwQur9OEgkbaEhgv190SGuFJTHttOjvRIrXpz8T+vZ/SgFmZUpEYTgZeLBoZBncB5DLBPJcGaTS1BWFJ7K8QjJBHWNqySDcFffXmdtKsV/6pSfbgu12t5HEVwBs7BJfDBDaiDO9AELYDBBDyDV/DmZM6L8+58LFsLTj5zCv7A+fwB6IeSfw==</latexit>

𝑊" = 4 𝐺𝑒𝑉" 𝑊" = 4 𝐺𝑒𝑉"

Making the transition from RES to DIS without double counting is an issue, also uncertainties in the “shallow” inelastic 
scattering regime. See Athar, Morfin, J.Phys.G 48 (2021) 034001 for a review.

perturbation 
theory

Limitations in x and Q (or alternately x and y) due to tau mass.
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Jeong, MHR, PRD 82 (2010) 033010

𝜈" CC DIS cross sections with nucleon targets

Extrapolation below Q2=2 GeV2 with CKMT structure 
functions as in J&R. See, MHR, PRD 74 (2006) 03001.
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𝜈! = 𝜈" CC DIS cross sections at UHE
pdg.lbl.gov

Connolly, Thorne, Waters, 
PRD 83 (2011) 113009

1 ZeV, 1 EeV, 1 PeV x ranges for UHE cross 
section:
• at highest energies, 

beyond measurements
• small x extrapolations 

required

Increasing uncertainty in the 
small x extrapolations lead to 
increasing UHE cross section 
uncertainties.

gluon and sea uncertainties
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CT18

Detailed discussion of quark mass effects in this context:
Garcia, Gauld, Heijboer, Rojo, JCAP 09 (2020) 025

Bustamante, Connolly, PRL 122 (2019) 041101 

𝜈! = 𝜈" CC UHE cross section
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Sub-leading effects
Zhou, Beacom, Phys. Rev. D 101 (2020) 3

Hadronic coupling to virtual photons to produce 
W-bosons.
Several regimes: 
• inelastic (quark charges, photon PDF-which 

dominates), 
• coherent scattering (𝑍", also important), 
• diffractive (Z).

See also:
Seckel, PRL 80 (1998) 900
Alikhanov, PLB 756 (2016) 247, PLB 741 (2015) 295

Example: real W boson production.

Correction for tau neutrinos:
~ 3.5% of CCDIS on O(16) targets

Zhou, Beacom, PRD 101 (2020) 3
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Garcia, Gauld, Heijboer, Rojo, JCAP 09 (2020) 025

“..the Earth never becomes opaque to ντ … “
Halzen, Saltzberg, PRL 81 (1998) 4305

Garcia – Friday, Oct 1, afternoon

Exponential attenuation, 𝜈$ flux, 𝜈% flux, 𝐸&'

September 30, 2021

𝜈"-regeneration at UHE

Tau exit probabilities, Patel et al, nuPyProp. 

More talks today and tomorrow
Space/balloon based for up-going air shower detection: 
e.g.,POEMMA (Krizmanic), ANITA, EUSO-SPB2
Ground/underground (Glaser): e.g., BEACON, GRAND 
(Piotrowski), Trinity, IceCube, ARA 

regeneration important
at large emergence angles

regeneration
& pileup
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Emerging taus:
nuPyProp (nuSpaceSim): Patel et al., PoS(ICRC2021)1204, github.com/NuSpaceSim/nupyprop

nuTauSim: Alvarez-Muniz et al., PRD 97 (2018) 023021

TauRunner: Safa et al., JCAP 01 (2020) 012
Emerging neutrinos:
NuFate: Vincent, Arguelles, Kheirandish, JCAP 1711 (2017)012
nuPropEarth: Garcia, Gauld, Heijboer, Rojo, JCAP 09 (2020) 025

nuPropEarth

Recent Monte Carlo simulations

nuPyProp

Earth emergence angles

Tau exit
probabilities
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• Summarized tau neutrino cross sections from GeV to EeV. 
• At low energies, kinematic are part of the difference between muon and tau neutrino 

cross sections, but not the only difference: mass effects in the cross section, access to 
FP and F5.

• At high energies, there are common uncertainties in extrapolating the cross sections.
• At high energies, neutrino flux attenuation compounds cross section effects to some 

degree.
• Additional complications of nuclear targets, common to both muon neutrino and tau 

neutrino scattering. Nuclear effects: nuclear physics with nucleons, final state 
interactions, in-medium effects at low energies; nuclear PDFs at high energies.

• Also in common: the transition between RES and DIS, a topic of much discussion.
• Inclusive → final state particles.

Summary


